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Abstract 
Product variety is a life reality that has to be handled by designers and manufacturers in order to reap the benefits of economy 
of scope. Product modularity has been the key design solution to manage the increased variety. Design Structure Matrix 
(DSM) has become the favorable tool by designers to express product or system component relationships, which is used later 
to cluster components into modules that have strong relationships among their components. This paper is presenting a simple 
and efficient methodology for designing a product family architecture from a given product family. It is a variant-oriented 
DSM approach to augment different product design variants into a one collective DSM. Modularity is then performed using 
Cladistics, a hierarchical classification tool, which is extensively used in biology, and has been also successfully implemented 
in engineering in design and manufacturing. The results are cascaded layers of component modules representing the underlying 
product family architecture. A case study of a family of seven kettle variants has been used to represent this novel approach 
and verify the quality of the results. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The proliferation of product variety is becoming a fact 
for most of products regardless of their structural 
complexity. Products variety is growing primarily to meet 
different customers’ requirements, satisfy the diverse 
regional needs and different market segments and 
accommodate rapid technology changes leading to product 
upgrades and consequently more variants [1]. The impact 
of product variety extends beyond the final product to 
product components across the different assembly levels 
per each product variant. Therefore, product variety needs 
both external management through grouping product 
variants into families of similar features and 
manufacturing processes [2], and internal management 
using the right choice of product architecture, platforms 
and modules [3]. 
 
  
Grouping products into families with a core design 
platform and shared modules is the used solution to reduce 
the negative impact of the increased product variety on 
design, manufacturing and services. A product family is a 
group of products that might be similar in features, 
functionalities, components, manufacturing processes, 
process sequencing and/or routing. Product architecture is 
the set of functions of product components and the 
topology of their interfaces that would connect together the 
functional, physical and operational domains [4]. 
Product components are usually grouped into modules 
assembled according to a specific design architecture to 
facilitate future design changes, product variety, mass 
customization and manufacturing processes using delayed 
product differentiation [5]. This paper presents a new 
approach that reconsider a given product family for a 
better family architecture using modularity. 
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2. Product Modularity 
Modularity in product variant design is becoming a 
requirement for designing product families. A module is a 
unit that serves identifiable functions, while its structural 
elements are strongly interconnected, and weakly 
connected to elements in other modules [6]. Modular 
design architecture allows new products to be quickly 
developed using alternate modules or module instances. 
Common modules may be shared by different product to 
reduce design time and cost [7].  
Design Structure Matrix (DSM) is the most common tool 
used to represent interactions among components 
(component-based DSM) in a system or product [8]. DSM 
elements are usually binary; however, other values can be 
used to express the intensity of component interactions. In 
binary DSMs, ‘1’ indicates interaction existence, while ‘0’ 
indicates lack of interaction. Grouping product 
components into modules can be accomplished by 
clustering DSM into blocks of ‘1’ elements. There are few 
techniques available to cluster a DSM for modularity.  The 
differences between those techniques are mainly in the 
clustering objective function. Used objective functions 
such as Coordination cost minimization [9], Minimal 
Description Length (MDL) [10], clustering efficiency (CE) 
index [11] and Modularity Index (MI) [12] mainly have 
the objective of maximizing the interactions within the 
resulting clusters, while minimizing the interactions 
among generated clusters. In addition, most of those DSM 
clustering techniques reveal only one dimensional modules 
formation. However, Yu et al. [10] introduced a bus 
architecture clustering process, but they had to force that 
architecture on the generated solution. 
AlGeddawy and ElMaraghy [12] introduced a 
hierarchical clustering model to reveal the true nature of a 
product architecture and its granularity without 
implementing designer knowledge. Nevertheless, their 
model was only applied on a single product variant that 
generated a single binary DSM. This paper is applying 
hierarchical clustering to a collective DSM of many 
product variants that take into consideration the 
appearance and absence of components from a variant to 
another and the existence constraints that some 
components might have. These extra objectives do not 
exist in DSM existing models. 
3. The DSM Cladistics Model 
This new design model, for product family architecture, 
uses hierarchal clustering to divide a DSM into the best 
modular architecture. Cladistics, a classification tool 
extensively used in Biology [13], reveals the evolution 
hypothesis and speciation scheme of a studied group of 
entities. Cladistics was first introduced to propose 
evolution hypotheses to the world of artefacts in 
ElMaraghy et al. [14]. Cladistics analysis was applied 
successfully to the extracted features of automotive engine 
blocks using their accumulated data over the years to study 
their evolution path and plan their future design. 
An example of a cladistics analysis is shown in Figure 
1. This is a set of automotive engine belt tensioners that 
share some commonalities. The base of the analysis in this 
example is 6 characters (from 1 to 6) that exist in the 
variants of those tensioners. A character is a feature, a 
property, a function, etc. For tensioners, characters are 
their different components. Some of those components had 
a single variant, so they either exist or not, such as 
components 1, 2, 3, 4 and 6 (Figure 1), others have 
multiple variants, so they exist or do not exist and if they 
do they will have different formats, such as component 5, 
which has two variants 5.1 and 5.2 (Figure 1). The 
objective of a cladistics analysis is to build a Cladogram 
with the minimum length. A cladogram is the tree-like 
graph that results from the analysis, while its length is the 
number of characters that appear on the cladogram. In 
Figure 1, there are 9 characters (circles) represented on the 
cladogram, which means that the cladogram length is 9 
evolutionary steps. A cladogram gives a sense of 
evolutionary direction from the simpler entities near its 




Figure 1: Cladistics Analysis of a Set of Engine Belt Tensioners 
 
A handful of specialized software is dedicated to 
cladistics analysis such as Hennig86, PAUP, NONAME, 
PeeWee, Phylip, etc.  and can perform very fast clustering 
on huge data [15]. NONAME is used in this paper for 
cladogram construction. 
Cladogram construction process is reengineered in this 
paper to allow for DSM clustering. This can be noticed in 
two areas: 1) components at the horizontal header row in 
the DSM are considered the characters while component 
relationships, which are DSM elements, are considered the 
character states, and 2) The self-relationships of 
components to themselves, which are the diagonal 
elements of the DSM, will be given a ‘1’ value and will be 
also taken into account as character states when 
performing cladistics analysis, which can be noticed in 
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Figure 2 for DSMs of ‘variant 1’ and ‘variant 2’. 
Having different product variants would result in 
different DSMs, since some components will exist in some 
variants and disappear from the others. A collective DSM 
that combines all of these DSMs into one single non-
binary matrix is used in this paper to represent the whole 
product family. When a diagonal element in this collective 
DSM has a smaller value than the number of product 
variants in the product family, this means that the 
corresponding component does not appear in all of the 
variants, and consequently its relationships with other 
components should have an impact on module formulation 
that is relative to its number of appearances. This can be 
seen in components ‘B’ and ‘C’ and their collective DSM 
elements in Figure 2.  
Since product variants may be made out of different 
components, some components might not be able to co-
exist, they are mutually exclusive. A representation of that 
constraint is also possible using a DSM format (Figure 3). 
A ‘-1’ DSM element is used in this model to represent an 
undesirable adjacency of a specified pair of mutually 
exclusive components. This mutual exclusion relationship 
is strengthened by multiplying to the number of the 
existing variants, since co-existence of the specified pair of 
components cannot exist in any of those variants, and 




Figure 2: Adding Variant DSMs to Construct a Collective DSM 
 
 
Figure 3: Considering Mutual Exclusion Relationships in the 
Construction of the Collective DSM 
The resulted cladogram, after applying cladistics 
analysis on the resulted collective DSM, is a granularity 
map of the studied product family product, where each 
cladogram level is a possible granularity level. The best 
granularity level is the one that will satisfy two objectives: 
1) Maximizing the number of positive elements while 
minimizing the number of zero elements inside the DSM 
clusters for stronger component relationships within each 
module, and 2) Minimizing the variability of component 
appearances in DSM clusters to minimize using 
components that are not needed in the targeted product 
variants. To quantify these objectives, a Granularity Index 
is shown in equation 1 to express the quality of DSM 
clustering objective in the environment of product 
families. The variability of component appearance per 
cluster can be calculated using equation 2, and then the 
variability parameters for all DSM clusters are added up. 
Granularity Index is calculated for each granularity level, 
and the highest index represents the best level, at which 




Granularity Index = P-V-Z                         (1) 
 
Where: 
P is the summation of positive matrix elements inside DSM 
clusters 
V is the component appearance variability for all DSM clusters, 
    =  summation of VM  
VM is component appearance variability in a specific module 
Z is the number of zero elements inside DSM clusters 
 
 
VM = (NM – 1) x (Amax – Amin)         (2) 
 
Where: 
NM is the number of components in a specific module 
Amax is the maximum number of appearances of any component 
in the module 
Amin is the minimum number of appearances of any component in 
the module. 
 
4. Case Study 
Seven variants of a family of kettles (Figure 4) are used 
to verify the DSM-Cladistics model, ranging from a simple 
whistle kittle {kettle 4} to the more complex kettles with 
lid release mechanism and automatic disconnect {kettle 
5}. There are 13 features and components (Table 1) that 
are combined to constitute those variants according to 
customer and market requirements. Therefore, those 
variants should have a unified architecture to allow the 
mix and match of those components. However, some of 
these components are mutually exclusive, e.g. the short vs. 
long handles don’t exist simultaneously, and thus it is 
difficult to assign modules of components in that 
environment of product variants, and leads to assembling 
those variants separately, without taking advantage of the 
apparent similarities of those variants. 
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Table 1: The Components of the Kettle Family 
1-Container 8-Attached base 
2-Short Handle 9-Detached Base 
3-Long Handle 10-Hinged Lid 
4-Auto Disconnect 11-Popup Lid Mechanism 
5-Temperature Control 12-Detached Lid 
6-Top on-off switch 13-Fixed Lid 




Figure 4: A Family of Seven Kettle Variants 
 
Binary DSMs are used to express component adjacency 
in the seven kettle variants (Figure 5). A ‘1’ element 
indicates the existence of an adjacency relationship, while 
a ‘0’ element indicates a non-adjacency relationship. 
Those component-based DSMs are symmetrical. When a 
whole component row and column are ‘0’ values, this 
indicates the absence of that component in that particular 
product variant, e.g. in DSM-1, components 2, 5, 7, 9, 11, 
12 and 13 have ‘0’ rows and columns, which means that 
those components do not exist in kettle variant {1}. Since 
some of the used components in the kettles family are 
mutually exclusive, this fact has to be presented in A DSM 
format in addition to the adjacency relationships. A 
component-exclusion DSM (Figure 6) presents the mutual 
exclusion in product component combinations by using 
negative DSM elements. A ‘-1’ element indicates that the 
pair of the related components cannot exist 
simultaneously. 
The collective DSM that combines all kettle variants 
regarding component adjacency and mutual exclusion is 
presented in Figure 7. It is simply the summation of all the 
seven DSMs of the kettle variants in addition to seven 
times of the component exclusion DSM. That enforced 
strength of negative elements is needed to discourage 
clustering through cladistics from including mutually 
exclusive components in a single module. The diagonal 
elements of the collective DSM indicates the number of 
appearances of each of the 13 components in the seven 
kettle variants, e.g. component {1}, the container, 
appeared 7 times which means it exists in all of the 
variants as indicated from the collective DSM (Figure 7). 
 
 
Figure 5: Design Structure Matrices of the Seven Kettle Variants 
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An eight-level cladogram results from the application 
of cladistics analysis to the Collective DSM (Figure 8). 
The arrangement of components at cladogram terminals is 
used to re-order the collective DSM (Figure 9). Each of 
those levels is a candidate granularity level to perform 
design modularity. Any granularity level that results in the 
existence of negative elements inside of the resulted 
clusters has to be discarded, since this means mutually 
exclusive components exist in a module, e.g. in level {1}, 
two modules exist, {4, 1, 10, 2, 9, 7, 11, 12} and  {8, 3, 6, 
5, 13}, however components {11}, the popup lid 
mechanism, and component {12}, the detached lid, cannot 
co-exist in a single module, therefore they have negative 
collective DSM elements to indicate mutual exclusion, and 




Figure 6: Component Mutual Exclusion DSM 
 
 
Figure 7: The Collective DSM of the Kettle Family 
 
 
Best granularity level is found by calculating the 
granularity index for each level (Table 2). That index is the 
summation of collective DSM positive elements minus the 
summation of components variability and zero elements in 
each module. The higher that index is, the better the 
obtained modules. Table 2 shows that level 6 and 7 have 
the highest Granularity Index of ‘2’. Since level {6} 
results in larger modules with a better assembly potential, 
then level {6} is more desirable, and therefore it has been 





Figure 8: Best Cladogram and Granularity Structure of the Kettle Family 
 
 
Figure 9: Re-ordered Collective DSM of the Kettle Family 
 
Table 2: Variety Modularity Index at Each Granularity Level 
Level 1 2 3 4 5 6 7 8 







 35 33 24 19 11 5 0 
Variability 
Elements 44 28 20 15 6 2 0 
Zero Elements 18 14 12 6 3 1 0 
Granularity Index -27 -9 -8 -2 2 2 0 
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The dissected cladogram (Figure 8) at level {6} results 
in two modules, module I consisting of components {4, 1, 
10} which are the ‘Auto Disconnect’, ‘Container’ and 
‘Hinged Lid’, and module II consisting of components {8, 
3, 6}, which are ‘Attached Base’, ‘Long Handle’ and ‘Top 
On-Off Switch’. These two modules are candidates for 
either being fused into one integral component or pre-
assembly to be fed to the different kettle variants when 
needed. Module I might not qualify for being integrated 
into one component due to the fact that ‘Hinged Lid’ 
moves, while ‘Body’ and ‘Auto Disconnect’ are made of 
different materials. Module II has a better chance for 
integration into a single component, since there is no 
relative motion or different materials. 
When feeding the different kettle variants with these 
two modules, a component or more might not be needed, 
in this case it is either removed if it is not integrated or 
neglected if it is integrated. The mutual exclusion 
constraints does not allow two different component 
variants to occupy the same space simultaneously, hence 
neglecting an integrated component will not cause an 
assembly infeasibility in further assembly stages. 
 
5. Conclusions 
Design Structure Matrix is a simple and effective tool 
to represent structures of products and systems. The direct 
benefit of a DSM in a product architecture design process 
is to cluster it into modules of components. However 
DSMs have two major short comings: 1) they are flat 
structure maps that do not reflect the hierarchical nature of 
component relationships or the granular nature of products 
and systems, and 2) they only deal with one variant of a 
product or a system. This paper represented a new model 
that overcomes these two shortcomings. Using both 
cladistics analysis together with a collective DSM 
approach results in a hierarchical clustering granularity 
map that shows the depth of product structure. In addition, 
different product variants were considered, and mutually 
exclusive component existence was taken into account 
when building the collective DSM that represents the 
structure of the whole product family. A new Granularity 
Index was presented to take both strength of component 
relationships and the variability of component existence in 
each module into consideration, since not every 
component exists in all the variants. A family of kettle 
variants was used to validate the model, and the generated 
collective DSM of the seven kettles was clustered using 
cladistics analysis, a hierarchical clustering technique that 
is commonly used in Biology. Results showed product 
architecture of six levels of granularity with the possibility 
of having two modules containing three components each, 
while other components would stay individualized outside 
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